The effectiveness of fracture stimulation techniques depends on the microstructural features which control the rock strength. We analyze brittleness index, fractures, and microstructure of the Barnett Shale for a better understanding of the correlation between mechanical properties, mineralogy, and pore geometry. The complexity of multiple minerals, pore geometries, and pore inclusions are modeled using the self-consistent approximation (SCA) model, with consideration of statistical distributions of pores and cracks in shales. The method is applied to core samples and well log data from the Barnett Shale to invert the aspect ratio (ratio of short axis to long axis) of pores, and to estimate crack density, and the proportion of stiff pores and cracks in the Barnett Shale. The inverted crack density gives an average estimate of the pore space geometry. Results show that the aspect ratio for the Barnett Shale varies between 0.01 and 1 and has a dominant value of 0.1. Analysis on the core data indicates that both quartz and carbonate minerals contribute to increased crack density. Comparison reveals good correlations between the brittleness indices defined in terms of (λ+2μ)/λ and Poisson's ratio. While the brittleness index defined by Young's modulus is not consistent with the definition in terms of (λ+2μ)/λ and Poisson's ratio, Young's modulus is a good indicator for the variation of crack density. Results of pore-type inversion show that the variation of pore types coincides with inverted crack density.
Introduction
The effectiveness of fracture stimulation techniques depends on microstructural features of rocks which control the rock strength. Rock strength is a function of material brittleness index, which is related to lithology and mineralogy, and can also be inferred from mechanical properties. The objective of this work is to analyze the link between mineralogy, mechanical properties, fractures and microstructure in the Barnett Shale. A rock physics model based on the self-consistent approximation (SCA) method is constructed to model complex constituents and pore geometries in shales, and the statistical distributions of pores and cracks are considered to be close to the real rock (Jiang and Spikes, 2011) . The method is applied to data from core samples and well logs to invert the mean value of aspect ratio and pore type in the Barnett Shale. Then, the inverted aspect ratio and crack density are compared with a brittleness index defined in terms of mineralogy and mechanical properties, and with various fracture densities measured in the borehole for a better understanding of the relationship between elastic properties and microstructural features of the Barnett Shale.
Method
In this study we use an effective-medium theory, SCA method to link complex constituents and pore geometries with the elastic properties of shales. Due to low porosity and extremely low permeability in shales, pores and cracks saturated with mixtures of gas, oil, and water are treated as inclusions. Moreover, in order to get close to a model of actual rocks, the aspect ratio of pores is regarded as a random variable of normal distribution, specified by a mean value and standard deviation. The number of samples is set to 100. We calculate a velocity-porosity relationship in terms of P-and S-wave velocities (Vp and Vs) as functions of porosity for various aspect ratios, and then estimate pore aspect ratio and crack density in shales based on the constructed velocity-porosity templates. The idea is to find the best matched velocities on the templates, and use the corresponding aspect ratio as the best evaluation of pore geometry. A multiple-porosity model is also built for pore-type inversion, in order to characterize microstructure in shale. A reference pore type with specific aspect ratio is determined from the inverted aspect ratio, and the whole pore-space is divided into two scenarios: one consists of pores with reference aspect ratio and stiff pores which have near round shapes, and the other includes reference pores and cracks which have a smaller aspect ratio. The velocityporosity relationship is then calculated with this multipleporosity model in terms of constant proportion lines of stiff pores and cracks. Pore types are estimated using the constructed templates. Finally, the inverted aspect ratio, crack density, and proportion of stiff pores and cracks are compared with mineralogy and mechanical properties to find the correlation between microstructure and brittleness index in shales. Figure 1 shows the well logs of the Barnett Shale surrounded by the overlying Marble Falls formation and the underlying Ellenburger formation. 
Example Data
indicate that the SCA model fits the data well. Although the values of the gamma ray log reveal that clay content may also have an impact on the velocity-porosity relationship, the scatter of the velocity-porosity relationship can be explained better by the variation of aspect ratio. We use the averaged volumetric fraction of minerals from core samples in the calculation, but detailed information on composition from the well log will surely reduce uncertainty in analysis.
The measured mineralogy volumetric fraction of the core samples is displayed in Figure 4 (a). Quartz and clay content dominates in the Barnett Shale. The inverted aspect ratios of pores for 22 core samples are shown in Figure 4 (b), in which aspect ratios inverted from Vp (blue) and Vs (red) are consistent and have a dominant value around 0.1.
Quartz is usually regarded as a brittle composite, and carbonate minerals may also play an important role in contributing to brittleness index in shales. In Figure 4 (b), (c) and (d), as highlighted by certain samples, we can see that the fraction including both quartz and all carbonates has a clearer correlation with aspect ratios in Figure 4 (a) than the fraction including only quartz. This reveals that increasing the proportion of quartz, calcite, and dolomite corresponds to more crack-like pores in shales. Further comparison in terms of the correlation between mineralogy fraction and crack density defined by porosity and aspect ratio (Mavko, et al., 2009 ) can be seen in Figure 3 (a) and (b). It reveals that both quartz and carbonate minerals contribute to the increase of crack density.
We also apply the method to the well log data from the Barnett Shale, and investigate the correlation between the inverted aspect ratio and crack density with brittleness indices defined by mechanical properties of shales. Goodway et al. (2010) propose that the most fracable zones occupy low λρ and midrange μρ. In this study, we use the modified version of their result as the definition of rock brittleness index shown in Equation (1) Poisson's ratio is believed to reflect rock's ability to fail under stress, and Young's modulus the ability to maintain a fracture once the rock fractures. Low Poisson's ratio and high Young's modulus indicate more brittle shales.
Calculated brittleness indices defined by Equations (1), (2), and (3) are illustrated in Figures 5 (a), (b) , and (c). We find that the brittleness index defined in terms of (λ+2μ)/λ coincides with that defined in terms of Poisson's ratio. By comparing with Figures 5 (d) and (e), we find that the inverted aspect ratio and crack density have clear negative correlations with the brittleness index defined in terms of Young's modulus in the Barnett Shale, which means Young's modulus is a good indicator of microstructures associated with pore geometry. In additional, the inverted aspect ratio for the Barnett Shale varies between 0.01 and 1 and has a dominant value of 0.1, which is consistent with the results inverted from the core data.
We then crossplot Poisson's ratio (v) and Young's modulus (E) for the data points from the Barnett Shale, and colourcoded them by E/v, crack density, and gamma ray, as shown in Figure 6 . Although higher E and lower v are believed to have higher brittleness index, we find that in the Barnett Shale they tend to be positively correlated, indicated by solid lines in Figure 6 (a). By comparing Figure 6 (a) and (c), we find that higher gamma ray values usually correspond to lower values of E/v, but shales with higher crack density do not have higher values of E/v. In Figure 6 (b), although Poisson's ratio shows no significant change for variations in crack density, Young's modulus can be a good indicator for the variation of crack density.
Figure 7 (a) shows the formation and measured fracture densities for the Barnett Shale and surrounding formations, in comparison with the inverted average aspect ratio shown in Figure 7 (b) and crack density in Figure 7 (c). There is correlation between the measured total fracture densities and the inverted crack density. Note that fracture density is a measure of visible fractures, while crack density tends to give an average estimate of the geometry of pore space.
Finally, we invert the proportions of different pore types using a multiple porosity model. Xu and Payne (2009) constructed a carbonate rock physics model by considering multi-type pore space in carbonate rocks. Following their method, we divide pore space in shales into two scenarios to model varieties of pore systems: one consists of reference pores and stiff pores, while the other is composed of reference pores and cracks. The mean value of aspect ratio of reference pores is set to be 0.1, while those of stiff pores and cracks are 1 and 0.01, respectively. Standard deviations of statistical distribution are set to be 1/10 of mean values. Figure 8 shows Vp as a function of porosity and pore type, with solid lines showing constant proportions of stiff pores and dashed lines those of cracks. Figure 5 (f) gives the inverted portions of stiff pores and cracks based on the pore-type inversion method. Figure 5 (e) and Figure 5 (f) show a correlation between crack density and pore type. How to link the inverted pore-type to geology is the subject of an ongoing study.
Conclusion
We have analyzed the correlation of brittleness index with fractures and microstructure in the Barnett Shale. A rock physics model built with a specified statistical distribution of pore shapes is used to estimate the mean value of aspect ratio. Results show that both quartz and carbonate minerals contribute to the increased crack density, and good correlations can be found between brittleness indices defined in terms of (λ+2μ)/λ and Poisson's ratio. Young's modulus is a good indicator of microstructures associated with pore geometry. Investigating the correlation between pore geometry, crack density, and pore types offers an insight for a better understanding on the relationship between rock properties and microstructure in the Barnett Shale. 
